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L Goal

=
A We Investigate cosmological
scenariosin a universe governed by
torsional modified gravity

B

A Note:

A consistent or interesting cosmology
IS not a proof for the consistency of
the underlying gravitational theory
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L ITalk Plan

e
A 1) Introduction: Why Modified Gravity

A 2) Teleparallel Equivalent of General Relativityand f(T) modification
A 3) Perturbations and growth evolution
A 4) Bouncein f(T) cosmology

A 5) Non-minimal scalartorsion theories
A 6) Teleparallel Equivalent of GaussBonnet and f(T,T_G) modification
A 7) Solar system, growth-index, baryogenesisand BBN constraints

A 8) ConclusionsProspects
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L Why Modified Gravity?
1 —

Knowledge of Physics: Standard Model
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L Why Modified Gravity?
L —

LEPTONS

Knowledge of Physics: Standard Model + General Relativity
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i L Why Modified Gravity?
. |

Universe Histor

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation »

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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i L \Why Modified Gravity?
o

So can our knowledge of Physics describes all these?
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L Why Modified Gravity?
el .
A Einstein 1916: General Relativity

energy-momentum source of spacetime Curvature

S R

Y Rmn_ %gm/R_l_ngr :81(13Tm/

with  T7m 2

Vo g (bmn
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. _L !I\/Iodified Gravity

Einstein-Dilaton-

Lorentz wiolation

Gauss-Bonnet Cascading gravity T + Conformal gravity
Hofava-Lifschitz:
i R —
Strings & Branes\ P (_) R, 11 Rev £(G)
DGP - Some
Randall-Sundrum | & |1 d ot .
2T gravity \ egravitation  Hjgher-order
scenarios
Higher dimensions Non-local General RuRH,
f(R) OR,etc.
Kaluza-Klein

Modified Gravity ¥ Vector

Lorentz wiclation

Generalisations

of SeH . .
TeVe$S Add new field content Massive gravity
Gauss-Bonnet _ \ \E’a\rlt}f
Scalar-tensor & Brans-Diclke Chern-Simons Tensor
Lovelock gravity Ghost condensates Cuscuton EBI
Galileons
Chaplygin gases Bi tric MOND
Emergent the Fab Four Scalar wpen g imetric
KGB
Approaches _ f(T) Non -minimal gravity -
‘ Ceuplse) QUTER=EnEs Einstein-Cartan-Sciama-Kibble matter coupling
Padmanabhan . .
CDT chermo., Horndeski theories Torsion theories 10

Beyond Horndeski o ;
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L 'ntroduction
L —

A Einstein 1916: General Relativity
energy-momentum source of spacetime Curvature
Levi-Civita connection: Zero Torsion

A Einstein 1928: Teleparallel Equivalent of GR:
Weitzenbock connection: Zero Curvature

[Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]
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-

L 'ntroduction

A Gauge Principle : global symmetries replaced by
local ones:

The group generators give rise to the compensating
fields

It works perfect for the standard model of strong,
weak and E/M interactions

SU3)3 suU2)3 U@

A Can we apply this to gravity?
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L 'ntroduction
L g
A

Formulating the gauge theory of gravity
(mainly after 1960):
A Start from Special Relativity
Y Apply (Weyl-Yang-Mills) gauge principletoits Po i n< a
group symmetries
Y GetPoi nar® gauge theory
Both curvature and torsion appear as field strengths

A Torsion is the field strength of the translational group

(Teleparallel and Einstein-Cartan theories are subcases of Poinca®theory)

[Blagojevic, Hehl, Imperial College Press, 2013]
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L gntroduction
—_
A One could extend the gravity gauge group (SUSY,

conformal, scale, metric affine transformations)
obtaining SUGRA conformal, Weyl, metric affine
gauge theories of gravity

A In all of them torsion is always related to the gauge
structure.

A Thus, a possible way towards gravity quantization
would need to bring torsion into gravity description.

14
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L 3 Introduction

=il 1 . .
A 1998: Universe acceleration

Y Thousands of work in Modified Gravity

(f(R), Gauss-Bonnet, Lovelock, nonminimal scalar coupling,

nonminimal derivative coupling, Galileons, Hordenski, massive etc)
[Copeland, Sami, Tsujikawa Int.J.Mod.Phys.D15], [Capozziello, De Laurentis, Phys. Rept. 509]

A Almost all in the curvature-based formulation of gravity
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L 3 Introduction

=il 1 . .
A 1998: Universe acceleration

Y Thousands of work in Modified Gravity

(f(R), Gauss-Bonnet, Lovelock, nonminimal scalar coupling,

nonminimal derivative coupling, Galileons Hordenski, massive etc)
[Copeland, Sami, Tsujikawa Int.J.Mod.Phys.D15], [Capozziello, De Laurentis, Phys. Rept. 509]

A Almost all in the curvature-based formulation of gravity

A So guestion: Can we modify gravity starting from its
torsion-based formulation?
torsion Y gauge ?Yquantization
modification Y full theory  ?Y quantization
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- L g Teleparallel Equivalent of General Relativity (TEGR)
|

A -Let 6s st adiniplest tosmmbadedhgeavity formulation,
namely TEGR

A Vierbeins g7 four linearly independent fields in the tangent space
9,,kX) =/1,g e;(x) Q?(X)

A Use curvature-les/sWe /i t z e cobn®otida instead of torsion-less
Levi-Civita one: Gm = atg

A Torsion tensor:
T = (%/ W C;?m — e{A(ung?“ _ I_Jne(/j;) [Einstein 1928], [Pereira: Introduction to TG]
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b L g Teleparallel Equivalent of General Relativity (TEGR)
|

A -Let 6s st adiniplest tosmmbadedhgeavity formulation,
namely TEGR

A Vierbeins g7 four linearly independent fields in the tangent space

9,629 =g e;(x) Q?(X)

A Usecurvature-lessWe | t z e cobn®&ctioa instead of torsion-less
. .. /{W} — A
| evi-Civita one; Gm =&k

A Torsion tensor:
T,=GW - G =€ (16 - ue)

A Lagrangian (imposing coordinate, Lorentz, parity invariance, and up to 2 " order
In torsion tensor)

. 1, 1, __,, A Completely equivalent  with
L T_ZT et ST e T GRat the level of equations

r mn nmr
2

[Einstein 1928], [Hayaski,Shirafuji PRD 19], [Pereira: Introduction to TG] 18
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b L gf(T) Gravity and f(T) Cosmology
_

A-f(T) Gravity: Simplesttorsion-based modified gravity

A Generalize Ttof(T) (inspired by f(R))

1 ﬁj“x e [T + f (T)] + S [Ferraro, Fiorini PRD 78], [Bengochea, Ferraro PRD 79]

160G _ [Linder PRD 82]
A Equations of motion:

&', (4 S MLt Fr)- T/, S H S 1, AT) frrm ST +F(T)]=40GeLT/" "
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L g f(T) Gravity and f(T) Cosmology
_

A-f(T) Gravity: Simplesttorsion-based modified gravity

A Generalize Ttof(T) (inspired by f(R))

1 ﬁj“x e [T + f (T)] + S [Ferraro, Fiorini PRD 78], [Bengochea, Ferraro PRD 79]

160G _ [Linder PRD 82]
A Equations of motion:

&', (4 S MLt Fr)- T/, S H S 1, AT) frrm ST +F(T)]=40GeLT/" "

A f(T) Cosmology: Apply in FRWgeometry:
e, =diag(lLa,a,a) Y ds’ =dt*- a’(t)d;dxdx’ (not unique choice)

A Friedmann equations:
g2 =806, _ 1) 5., A Find easily
3 ™ 6 '
I_# — _ 4m(rm + pm)
1+ f, - 12H2f

T =-6H?2

20
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h L If(T) Cosmology: Background

mip 3
A Effective Dark Energy sector:
ro=— ¢ 1,10
80G8& 6 3 'H
N f - TF, +2T2f,,
e [1+ fT +2—|—fTT][ f - 2Tt T]

[Linder PRD 82]

A Interesting cosmological behavior: Acceleration, Inflation etc
A Atthe background level indistinguishable from other dynamical DE models
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L gf(T) Cosmology: Perturbations
_

A Can | find imprints of f(T) gravity? Yes, but need to go to perturbation level
e =df(1+y), €=dald-r) Y dS=@A+2)df- a’@1- 2f)gd*xdx

A Obtain Perturbation Equations:

LHS=RH.S

3 [Chen, Dent, Dutta, Saridakis PRD 83],
Dent, Dutta, Saridakis JCAP 1101
LHS=RH.S [ u idaki ]

a r.

m

rm

A Focus ongrowth of matter overdensity ¢* go to Fourier modes:

A+ £, - 13PE, P (@2 +1/20) U+ ;) - 364, ), +40Gr . 4 =C
[Chen, Dent, Dutta, Saridakis PRD 83]
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gf(T) Cosmology: Perturbations
-

A Application: Distinguish f(T) from quintessence

A 1) Reconstructf(T) to coincide with a given quintessence scenario:

f(H) =1@GHﬁ|:—QZdH +CH

with 7o =712+V(f) and

[Dent, Dutta, Saridakis JCAP 1101]

-10 -0.9;
0.92|
10"
-0.94
2 ”\
-10°} = -0.961
_..C,=0
M
-0.98
sl| - - C\=10
-10% "
....... CM=10 -7
c,=10°
10 M ‘ % -1.02
10° 10° 10" 10
T

H=+-T/6
;W[Exponentialj
-- -CM=0
.-.-.CM=10

—1n2
------- CM—10
—1n3
CM—10
10 10°

23

E.N.Saridakisi DARKMOD. Paris Sept 201



B

gf(T) Cosmology: Perturbations
i

A Application: Distinguish f(T) from quintessence

: : - ar
A 2) Examine evolution of matter overdensity a* =
[Dent, Dutta, Saridakis JCAP 1101]
-3
11 x 10 | | | 1.1 | | |
3 —3d \ —3
1014 ==38]C,,=0] I RN - 8[C,,=0]
9}:‘,\ ---3{C),=5000] | 0.9\3 -~ -8C=5000] ¢
N Sf[CM=-5000] 0.8 33 « Sf[CM=-5000] |
8t .
7S w 0.7
7,
0.6
i 0.5-
5/ 0.4
4 1 I | 1 I |
1 1.5 2 2.5 3 1 1.5 2 2.5 3
1+z 1+z
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b L gBounce and Cyclic behavior in f(T) cosmology
1
A Contracting (H <0, bounce (H =0, expanding (H >0
near and at the bounce Hf>0

» Expanding(H >0, turnaround (H =0, contracting H <0
near and at the turnaround HF <0

25
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A L gBounce and Cyclic behavior in f(T) cosmology
1
A Contracting (H <0, bounce (H =0, expanding (H >0
near and at the bounce Hf>0

» Expanding(H >0, turnaround (H =0, contracting H <0
near and at the turnaround HF <0

f(T
H2 =855 I - LN 2f H?
3
I_#:_ 41(13(rm+pm)
1+ f, - 12H 2 f,,

A Bounce and cyclicity can be easily obtained

[Cai, Chen, Dent, Dutta, Saridakis CQG 28]
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gBounce In f(T) cosmology
i A 13

.

. . 2 3
A Start with a bounching scale factor: a(t) :aB%+§s 29
g —
Y t(T) = O% 4 - 2 + 4 TS3 1-54 8 2.835x10°
ge 3 3s 3Ts G
4t f

e 6tMZs? a 02
o M oty EE
(; _U 2.82x10°

L . . ) )
1.0x107  -8.0x10°  -6.0x10°  4.0x10° -2.0x10° 00
T
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gBounce In f(T) cosmology
i A 4/3

A Start with a bounching scale factor: a(t) = a8%+ gst

L

é 3 2 (,.j 284x10°F
Y t(T) =°cE 4 - 2 4TS :S O 2.835x10° |
& 3T 3s 3rs? @
£ 28310°
. 2/ 6tMZzs? a (0%
Y f(@)= 4t2 &8+ — P 4+ /6sr o ArCT a%gtgg |
(2+3‘St )Mp é t 2+3St (;, 2 _lj 282x10°

L . . ) )
1.0x107  -8.0x10°  -6.0x10°  4.0x10° -2.0x10° 00
T

A Examine the full perturbations:

2

k
ﬁg+aﬁ+”3fk+05¥fk:0 with a, n7,cknowninterms of H,H¥, f, £, fagd matter

%+3H# o 12HHfE o o
+ 1+ f
. . P —_— s
»Y Primordial power spectrum: " 2880°M2
» Y Tensor -to-scalar ratio: re°28°10°

[Cai, Chen, Dent, Dutta, Saridakis CQG 28] 28
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b L ||\Ion-minimally coupled scalar-torsion theory
B B
A In curvature-based gravity, apart from R+ f(R) one can use R+ xR/ "2
A Let 6s do tolsien-bssedgevity: n

~ o T  A( . . )
S=f§i*xe éﬁ "'E(IJ,J Hy +x1/ 2)' V({ )+ Lmﬁ [Geng, Lee, Saridakis, Wu PLB 704]

29
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b L ||\Ion-minimally coupled scalar-torsion theory
B B
A In curvature-based gravity, apart from R+ f(R) one can use R+ xR/ "2
A Let 6s do tolsien-bssedgevity: n

eT . (%
S= FF' Xe &kz +3 (IJ-,,/ W7 +xXT/ ) V(G )+ LmEI [Geng, Lee, Saridakis, Wu PLB 704]

A Friedmann equationsin FRW universe:

k2

H2:_(rm+rDE)

|-#=__(r +pm+rDE+pDE) ;

with effective Dark Energy sector; oe =5 *VU)

%

- BHY ?

SV )+ dxHj j#+ x(3H2 + 2HF) 2

N

Pre

A Different than non-minimal quintessence [Geng, Lee, Saridakis,Wu PLB 704]

(no conformal transformation in the present case) 20
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b L ll\lon-minimally coupled scalar-torsion theory
B B
A Main advantage: Dark Energy may lie in the phantom regime or/and
experience the phantom-divide crossing

A Teleparallel Dark Energy:

-0.4-

-0.6-

O
=

-0.8-

-1.04- . —________________

-1.2 : . , . . ) [Geng, Lee, Saridakis, Wu PLB 704]
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b L gObservational constraints on Teleparallel Dark Energy

=
A Use observational data (SNla, BAO, CMB) toconstrain the
parameters of the theory

A Include matter and standard radiation: 7y =rwo/a.r, =r. /a'l+z=1/a
A We fit Ao Woro.fOr Various V()

32
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L

gObservational constraints on Teleparallel Dark Energy

WhbEo WDEo
-0.9 0.8
0.9
1
_1 +
+
A1t
1.1
12t -1.2 ¢
13}
1.3 026 027 028 029 03 05 2045 04 0.5 0.3
QIIIO g
WDEo WDbDEo
07 .
06}
08|
09| 08}
-1 -
_1 -
A1}
a2l A2}
1.3 026 027 028 029 03 031 -0.6 -0.5 -0.4 -0.3
Qmo

[Geng, Lee, Saridkis JCAP 1201]

Exponential potential

Quartic potential
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A L g°hasespace analysis of Teleparallel Dark Energy
=B . .
A Transform cosmological system to its autonomous form:
Kt _kWNG) .
Ten YT Jan ¢ Yk

Y V\(n1 =1- X’ - y+Zsgnf), W, 137:x2+y2-zzsgn(x)

W =W \XVY,ZX
DE DE ( y ) [Xu, Saridakis, Leon, JCAP 1207]

Y X= f(X), Xllx:xC: O

A Linear Perturbations: X=X.+U Y U'= QU
4 Eigenvaluesof Qdetermine type and stability of C.P

34
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L =sPhasespace analysis of Teleparallel Dark Energy

~

A Apart from usual quintessence points there exists an extra

stable one for /? <x correspondingto W, =1, w,.=-1, q=-1

A

At the critical points Wgg?2 -1
however during the evolution it can
lie in quintessence or phantom

regimes, or experience the phantom-
divide crossing!

[Xu, Saridakis, Leon, JCAP 1207]
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b L 3 Non-minimally matter -torsion coupled theory
il .

A In curvature-based gravity, one can use f(R)L.coupling
A Let 6s do tolsien-bssedgevity: n

1
S= 2k2 r‘j4x e{-r + fl(T) +[1+ / f2(_r)] Lm} [Harko, Lobo, Otalora, Saridakis, PRD 89]
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b L 3 Non-minimally matter -torsion coupled theory
il .

A In curvature-based gravity, one can use f(R)L.coupling
A Let 6s do tolsien-bssedgevity: n

S=% Fitxef{r+ L +firs 0] L)

A Friedmann equationsin FRW universe:

k2
HZZ?(rm_FrDE)

Hf = - k_z(rm+pm+rDE+pDE)
S CREE R IR GRS E)
with effective Dark Energy sector: /e =~ 5z \Li+1Hhi J+/ 4T, +1 11

1o/ (1, +12717) o, 1(1+127)

&
=(r_+ -/ gl +12H %1
Poe= (7 pm)gl+ fi - 12H2fii - 2%/ (fi - 12H% i )y 2k (7, i)

A Different than non-minimal matter-curvature coupled theory

[Harko, Lobo, Otalora, Saridakis, PRD 89]
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B # Non-minimally matter-torsion coupled theory
I

A Interesting phenomenology

_1'00 C T T T T

~0.9980 | i
I -1.05-
~0.9985 |

“110]

wi(t)
w(t)

~0.9990 -«

L -LI5-
-0.9995 |

-1.20 -

~1.0000 |

0 5 10 15 20 25 0 5 10 15 20 25
t t

f(T)=-L+aT? f,(T)=bT? f(M=-L, f,(T)=aT+bT’
1 1 1 2 1

[Harko, Lobo, Otalora, Saridakis, PRD 89] o 38
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B L # Non-minimally matter-torsion coupled theory
1
A In curvature-based gravity, one can use (R, T)coupling
A Let 6s do tolsien-bssedgevity: n

_ 1
S _ 2k2 r‘j xXe {T + f (T’ T) + Lm} [Harko, Lobo, Otalora, Saridakis, JCAP 1412]
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b L 3 Non-minimally matter -torsion coupled theory
il .

A In curvature-based gravity, one can use (R, T)coupling
A Let 6s do tolsien-bssedgevity: n

2/1(2 r‘xe{T+f(T,T)+L.}

S=

A Friedmann equationsin FRW universe (T =/, - 3p):

k2
HZZ?(rm_FrDE)

k2
|-#=_ ?(rm+pm+rDE+pDE)

. 1 2
with effective Dark Energy sector: Fe =7 22 [f +12H2, - 2£,(r,,+ p,)

Poe=(rm* P e
0E " mg_+ f—,—'lz—lszT_'_H(drm/dH)(l_ wpﬂ/drm)fﬁ

- €+ 2/];2 [f +12—|2fT - 2‘I:T(rm_'_ pm)]

A Different from f (R, T)g ravity [Harko, Lobo, Otalora, Saridakis, JCAP 1412]
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b # Non-minimally matter-torsion coupled theory
I

A Interesting phenomenology

o[ ] ]
a ° ] ]
’ O e .
- /7 4
P/ ]
=151 ] ]
P ]
-2.0}" .
(‘)‘ “‘5“”1‘0””1‘5 B 2‘0 2‘5‘ “3‘0””3‘5 0 1 2 3 5
t t
— 2
f(T,T)=aTT+L f(T,T)=aT +4T
[Harko, Lobo, Otalora, Saridakis, JCAP 1412] 41
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L Teleparallel Equivalent of GaussBonnet and f(T,T_G) gravity
i

- B B
A In curvature-based gravity, one can use higher-order invariants like
the Gauss-Bonnetone G=R*- 4R R"+R, R"*

A Let 6s do tolsien-bssedgevity: n
A Similarto eR=-eT+2[eT Jye construct G =eT, +totdiwdth

42
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L Teleparallel Equivalent of GaussBonnet and f(T,T_G) gravity
R i

B B
A In curvature-based gravity, one can use higher-order invariants like
the Gauss-Bonnetone G=R*- 4R R"+R, R"*

A Let 6s do tolsien-bssedgevity: n
A Similarto eR=-eT+2[eT Jye construct G =eT, +totdiwdth

— a e A fay _ avwaswwe w fa a1 B ey f ad |/ A | €y f) bcd
TG_(Ke;sz Kchd4 2Ka12Kebech4+2Ka12Kebe ch++2Ka12Kebe Kc,d

48,353,

A f(T,Tg) gravity:
[Kofinas, Saridakis, PRD 90a]

1 | o
S= ? r‘j4X e {T + f Cl_,TG)} + Sn [Kofinas, Saridakis, PRD 90b]

[Kofinas, Leon, Saridakis, CQG 31]

A Different from f(RGynd f(T)gravities
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Teleparallel Equivalent of GaussBonnet and f(T,T_G) gravity

i
T
A Cosmological application:

e =- %[f - 12H%f, - Tt +24—Isﬁe] T =6H?2
T, = 24H°(Hf + H?)

Poe =%gf - A(FF+312)1, - At - Tofr +%TG t +8|—|2ﬁi§

[Kofinas, Saridakis, PRD 90a]

[Kofinas, Saridakis, PRD 90b]
[Kofinas, Leon, Saridakis, CQG 31] 44
E.N.Saridakisi DARKMOD. Paris Sept 201



